In the course of our chemical survey of bioactive plant metabolites, a large number of diterpenes have been isolated from Euphorbia species that showed interesting pharmacological activities. In particular, over sixty jatrophane, modified jatrophane, segetane, pepluane, and paraliane diterpenoids, fifty of them reported for the first time, were extracted, purified and characterized from Euphorbia dendroides, E. characias, E. peplus, E. amygdaloides, and E. paralias. The compounds based on jatrophane and modified jatrophane skeletons were shown to be potent inhibitors of P-glycoprotein, a membrane protein that confers upon cells the ability to resist lethal doses of certain cytotoxic drugs by pumping them out of the cells, thus resulting in a reduced cytotoxic effect. Those belonging to the rare classes of pepluane and paraliane were shown to be promising anti-inflammatory agents in vivo. In addition, by using LPS-stimulated J774 murine macrophages, it was demonstrated that the effect is ascribable to the reduction in the production of nitric oxide, prostaglandin E 2 and TNF-α by inhibiting the expression of inducible nitric oxide synthase, cyclooxygenase-2 and TNF-α mRNA, respectively, through the down-regulation of NF-κB binding activity. The isolation of structurally-related analogues allowed us to perform SAR studies, which gave information on the key pharmacophoric elements of these new classes of promising drugs.
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Plants of the genus Euphorbia have a rich ethnopharmacological history and were documented in Greek and Roman medical literature [1, 2] . Thus, the plants were used to reduce toothache, to remove warts, as purgatives, and in asthma and bronchial catarrh. However, the plants are so inimical to human flesh that they border on toxic and have generally been avoided, if not feared, and used very rarely and cautiously. Recently, the discovery of jatrophane diterpenes as a new class of powerful inhibitors of P-glycoprotein has opened new frontiers for research studies on this genus [3, 4] . P-glycoprotein (Pgp) belongs to a family of plasma membrane proteins encoded by the MDR (multidrug resistance) gene [5, 6] . Multi-drug resistance (MDR) describes a phenomenon in which a cell line, initially sensitive to cytotoxic agents, develops cross-resistance to a broad spectrum of structurally unrelated drugs after exposure to only one. The widespread occurrence of MDR represents a major impediment to successful treatment. A frequent cause of MDR is the presence in the cell membranes of increased levels of the P-glycoprotein (Pgp) multidrug transporter [5, 6] , a 170 KDa phosphorylated and glycosylated membrane protein belonging to the ATP-binding cassette (ABC) superfamily of transporter proteins. Pgp consists of two homologous halves, each containing six hydrophobic domains and a hydrophilic nucleotide binding fold [6, 7] . Pgp makes cells capable of resisting lethal doses of certain cytotoxic drugs by pumping them out of the cells, substantially attenuating their cytotoxic effect. Furthermore, Pgp-mediated resistance is not restricted to a specific inducer, but is generally extended to chemically unrelated antitumor drugs (cross-resistance). The spectrum of drugs interacting with Pgp encompasses various compounds of fungal and plant origin (e.g., anthracyclines, Vinca alkaloids, taxanes), peptide antibiotics (e.g., gramicidin D, valinomycin), steroid hormones (e.g., cortisol, aldosterone, dexamethasone), as well as HIV-protease inhibitors [8] [9] [10] . Since the substrates for Pgp are largely hydrophobic, access to its drugs binding site takes place seemingly from the lipid bilayer rather than from the aqueous phase. Accordingly, both transport and binding studies suggest that Pgp intercepts ligands from the inner leaflet of the membrane, extruding them into the extracellular medium with a "hydrophobic vacuum cleaner" process [11] , or alternatively with a "flippase" mechanism [12] . This model reconducts the unusual broad specificity of Pgp to the capacity of its substrates to intercalate into the lipid bilayer, making hydrophobicity or amphipathy crucial for Pgp interaction. In the past few decades, a lot of potent Pgp inhibitors, such as immunosuppressive agents (e.g., cyclosporin A, FK 506) synthetic calcium channel blockers (e.g., verapamil, azidopine) have been under clinical trials with the aim at developing new lead compounds as MDR reversing agents [13] . However, because of their toxicity as reversant agents, clinical application has not been attained to date. Recent studies by Hohmann et al. identified jatrophane diterpenoids from Euphorbia spp. as a new class of powerful inhibitors of Pgp [3] . Owing to the structural diversity of the set of ligands investigated, structure-activity relationships could not be established, although lipophilicity was recognized as an important factor for the activity. On the contrary, our studies on spurges characteristic of the Mediterranean landscape, E. dendroides [4, 14] , E. characias [15] , E. peplus [16] , E. amygdaloides [17] , and E. paralias [18] , led to the characterization of sixty polyester diterpenes based on jatrophane, modified jatrophane, and segetane skeletons (1-60, Figures 1-7 ). The compounds based on the same core differed from each other by the substitution pattern. This finding gave us the possibility to evaluate the efficacy of different ester groups on each position of the jatrophane macrolide without needing any synthesis or semi-synthetic modification. The results showed the existence of definite structure-activity relationships, going beyond simple lipophilicity considerations, and suggesting the involvement of the "southwestern" fragment of the molecule in binding. Thus, we have traced defined structure-activity relationships with the goal of designed the ideal Pgp-modulator.
Moreover, as part of our investigation on Mediterranean spurges, we have analyzed samples of petty spurge, E. peplus, which has been reported in traditional medicine for the treatment of inflammatory diseases [1] . From the active extract of the plant we isolated and identified a new metabolite, named pepluanone (61, Figure 8 ), together with a known pepluane diterpene (62, Figure 8 ) [19] . Pepluanone (61) is based on a rare pepluane skeleton and represents the major metabolite of the diterpene fraction, which also contains a number of diterpenes based on a jatrophane skeleton (35-41, Figure 5 ). In addition, we have obtained evidence that pepluanone (61) possesses an anti-inflammatory effect in vivo, since it was able to inhibit the carrageenan-induced rat paw edema, an experimental model of acute inflammation. In vivo anti-inflammatory tests performed on the isolated compounds evidenced the absence of appreciable activity for the known pepluane diterpenes (61), thus giving a first insight into the structure-activity relationship. Finally, investigation of E. paralias resulted in the isolation and identification of four metabolites, two based on the pepluane skeleton (63 and 64, Figure 9 ), and two on the paraliane skeleton (65 and 66, Figure 9 ) [20] . The close structural analogy of the isolated compounds with pepluanone (61) prompted us to test them for their anti-inflammatory properties. Thus, we showed that all compounds are able to inhibit the production of NO 2 in LPS-stimulated J774 macrophages by iNOS. The results showed the existence of definite structure-activity relationships, suggesting the importance of the D-ring structure for the activity and its possible involvement in the inhibition of NF-κB activation.
Chemical structure of euphodendroidins
E. dendroides is a tree-like, semi-succulent spurge growing on rocky coastal places in the western Mediterranean area [21] and reaching 2 m in height. Like all the other Euphorbia species, it has lactiferous canals, secreting a white latex which becomes like rubber on exposure to air. Our chemical analysis started from the latex of E. dendroides, which was exhaustively extracted with EtOAc, and the obtained organic extract was filtered on silica gel in order to eliminate gummy compounds. The soluble material was separated by MPLC on a silica gel column using a gradient system from n-hexane to EtOAc. Major metabolites of Euphorbiaceae extracts are constituted by terpenoids, mainly polyol diterpenes, esterified with short-chain organic acids. As expected, the fractions obtained, by preliminary NMR analyses, appeared rich in terpenoids. Thus, successive HPLC separations on silica gel afforded a series of diterpene compounds, based on a new structure and named Euphorbia diterpenes as leads for drug design Natural Product Communications Vol. 3 (6) Structure investigation of these compounds has been based on a combination of analytical methods, including NMR ( 1 H, 13 C and 2D experiments) spectroscopy and MS, performed on pure compounds. In particular, 1 H and 13 C NMR spectra allowed the detection of all the substituents, while COSY and HOHAHA spectra evidenced the spin systems of the skeletal core. Then, heteronuclear single-quantum correlation (HSQC) spectra allowed correlations of directly linked proton and carbon atoms. Extensive study of the 2,3 J C-H correlations, inferred from the heteronuclear multiple-bond correlation (HMBC) spectrum, allowed the connection of the spin systems for building the diterpene core and also located the substituents on the methine carbons. Finally, a ROESY spectrum allowed connection of the substituents on the quaternary carbons, and also defined the relative stereochemistry of the analyzed compound.
This general procedure, applied for the isolated compounds, will be described in detail for euphodendroidin A (1). Thus, preliminary inspection of 1 H, and 13 C NMR spectra of 1 initially suggested the presence of a diterpene skeleton pentaesterified with three acetyls, an isobutyryl, and a benzoyl group, and with four additional methyls, one methylene, and two methines.
Then, the 2D HSQC spectra showed that euphodendroidin A (1) also contained a ketone carbonyl group, two double bonds, one exocyclic and one trans disubstituted, and seven (five methines and two unprotonated) oxygenated sp 3 carbon atoms. Application of COSY and HOHAHA allowed the sequence of the multiplets of the core diterpene structure to be assigned to three spin systems: C-3 to C-5, C-7 to C-9, and C-11 to C-20. It should be noted that, although the methine protons of the fragment C-7 to C-9 appeared as broad singlets, pointing to a preferred conformation with dihedral angles near 90°, correlation peaks of H-8 with both H-7 and H-9 were evident in the COSY spectrum of 1. Extensive study of the 2,3 J C-H correlations, inferred from the HMBC spectrum, allowed the connection of all the above deduced moieties, thus defining the diterpenoid skeleton of 1 as a bicyclo [10.3.0]-pentadecane with 2,10,10,13-tetramethyl-6-exo-methylene branching, commonly known as jatrophane. The above analysis allowed also the location of the oxygenated carbons at positions 2, 3, 5, 7, 8, 9, 14 (ketone) and 15. Only two of these oxygen atoms were present as free hydroxyl groups and these functionalities were located at C-3 and C-15, respectively, by interpretation of the HMBC cross-peaks OH-3/C-3 and OH-15/C-15.
With these data in our hands, the final task to define the planar structure of 1 was the correct location of the five acyl groups and this has been obtained by a detailed investigation of HMBC and ROESY spectra. Thus, the HMBC cross peak of H-7 with the benzoate carbonyl allowed the location of the benzoyl group at C-7. Analogously, HMBC coupling of H-5 and the isobutyrate carbonyl indicated the linkage of the isobutyryl group at C-5. As a consequence, the other esterified carbons (C-2, C-8, and C-9) must all be acetylated. Finally, the relative configuration of the stereogenic centers of euphodendroidin A (1) was deduced from coupling constant values, spatial proximities evidenced through a ROESY experiment, and comparison with literature data [22] . Assuming the S configuration at C-4, typical of all the members of the jatrophane family isolated to date (deduced by X-ray analysis of some derivatives) [23] the absolute stereochemistry reported in structure 1 could be confidently assigned to euphodendroidin A. Moreover, it should be noted that the small value of J H-4/H-5 (1.2 Hz) has been correlated with a conformation of the 12-membered ring with the exo methylene group pointing outward and H-5 pointing inward [24] . Accordingly, H-5 showed ROESY cross-peaks with both OH-15 and with H-12.
Euphodendroidins B-I (2-6, 8-10) are closely related to compound 1. In particular, with the exception of 10, they differ from euphodendroidin A (1) only in the acylation pattern at C-2, C-3, C-5, or C-7.
Consequently, stereostructure elucidation of these molecules was greatly aided by comparison of their spectroscopic data with those obtained for 1.The same set of spectra has been acquired for all compounds in order to unambiguously elucidate their structure. Euphodendroidin B (2) is an analogue of euphodendroidin A (1) where the isobutyrate ester at C-5 has been replaced by a 2-methylbutyrate group, while at the same carbon, euphodendroidin C (3) shows a nicotinate group. Euphodendroidin D (4) was disclosed to be the 2-desacetoxy analogue of euphodendroidin A (1), while euphodendroidin E (5) is the 3-acetylated analogue of euphodendroidin D (4). Euphodendroidin F (6) is the 2-hydroxy derivative of the previously described euphodendroidin E (5). Compound 7, one of the major constituents of the jatrophane pool of E. dendroides, was shown to be a known compound already isolated from the latex of E. terracina [25] . Euphodendroidin G (8) differs from compound 7 only in the presence of a nicotinate group in place of the phenoxyacetate as the acylating group at C-3. Analogously, euphodendroidin H (9) shows the linkage of a benzoate group at C-3. However, this molecule differs from compound 7 also by replacement of the acetate group at C-2 with an hydrogen atom. The last jatrophane, euphodendroidin I (10), as a unique structural feature, lacks free hydroxyls when compared with the other metabolites of the same class isolated from E. dendroides. In this case, all the oxygenated sp 3 carbons of the jatrophane core are acylated by four acetates, one isobutyrate, and two nicotinates. Thus, all the isolated metabolites represent the first series of natural analogues isolated by our research group. These compounds that were not possible to obtain by synthetic procedures, along with the other series of compounds isolated by us, were used to perform complete SAR studies for this new class of Pgp-modulators (see below).
Chemical structure of terracinolides
We completed the characterization of the diterpenoid fraction of E. dendroides by describing the structural elucidation of 12 further diterpenes based on a modified jatrophane skeleton. Compounds described for the first time were terracinolides J, K, L (11-13), 13α-OH terracinolide F (18) ( Figure 2 ), and two abeo-jatrophanes, named abeodendroidin F (21) and epiabeodendroidin F (22) ( Figure 3 ). Compounds 14-17 and 19-20 were identified as the known terracinolides B, C, F, H, and 13α-OH terracinolide B and G, respectively, previously isolated from E. terracina and E. segetalis. [26] [27] [28] [29] . Compounds 11-20 are based on a 17-ethyl bis-homojatrophane framework, a skeleton previously found in E. terracina diterpenes [26] , from which it takes the name. The terracinolide skeleton, according to Marco et al. [27] , could arise through opening of a 5,17-epoxide by nucleophilic attack on a C2 unit (acetate or malonate) followed by lactone ring closure (Scheme 1). Preliminary MS and NMR data of terracinolide J (11) suggested that this compound was a diterpenoid polyester with seven ester carbonyls, four acetates and two isobutyrates. The combined analysis of the 2D COSY and HSQC spectra of 11 pointed to the terracinolide skeleton and also allowed the location of the functional groups on the oxygenated carbons 2, 3, 5, 6, 7, 8, and 9, and on 15, a free hydroxyl. 2D HMBC measurements were instrumental to the location of four of the six acyl groups, establishing the linkage of three acetate groups at C-3, C-8, and C-9, respectively, and of the isobutyrate group at C-7.
On the other hand, since the two remaining ester groups (one acetate and one isobutyrate) are linked to unprotonated carbons (C-2 and C-6), analysis of spatial proximities inferred from a Euphorbia diterpenes as leads for drug design Natural Product Communications Vol. 3 (6) ROESY experiment was used. The relative configuration of terracinolide J (11) was investigated by measurement of scalar and dipolar couplings as well as by comparison with literature data. [26] [27] [28] and has been found identical to that of all known terracinolides isolated to date.
Terracinolide K (12) is closely related to terracinolide J, the differences being related to the replacement of isobutyrate by acetate at C-6 and to a free hydroxyl at C-2; this last feature has never been found previously. Terracinolide L (13) had the same molecular formula as terracinolide J (11) and the NMR spectra were practically superimposable on parallel spectra of terracinolide K (12), differing only by an isobutyrate group at C-6 instead of an acetate.
Compound 18 has been disclosed to be the 13α-OH derivative of terracinolide F (16) [27] , also isolated from the diterpenoid fraction of E. dendroides, with differences rationalizable by the presence of an additional hydroxyl at C-13 in 18. Compounds 21 and 22 were shown to be based on a rearranged jatrophane core, named abeo-jatrophane, characterized by a six-membered A ring. In particular, compound 21 possesses the same molecular formula as euphodendroidin F(6), isolated from the same source, from which 21 could derive through the α-ketol type rearrangement already described for a similar compound [25] . Although this kind of rearrangement could potentially occur in all the 14-keto-15-hydroxy jatrophanes, to our knowledge, compound 21, that we have named abeodendroidin F, represents only the second abeo-jatrophane described in the literature. Compound 22 represents the stereoisomer of 21 formed as the result of the alternative course of the αketol rearrangement of euphodendroidin F (6) [14] .
Chemical structure of euphocharacins
The Mediterranean spurge E. characias is a shrubby, non-succulent euphorbia, reaching 1m, with upright purplish-green stems, that are smooth and woody at their bases and covered with fine, woolly hairs farther out. Broken stems exude a white milky latex sap. The species represents one of the spurges described by Theophrastus (372-287 BC) and Dioscorides (40-90 Euphocharacins were shown to be based on the jatrophane core, differing from that found in euphodendroidins by the absence of any substituent at C-7.
In particular, ROESY correlations of H 2 -17/H-5 and of H-17b/H-8 indicated the presence of a favorite conformation adopted by such compounds with the endo-type conformation [24] , with the exomethylene perpendicular to the plane of the molecule. This has been confirmed also by the high value observed for J H-4/H-5 of 10.0 Hz. Euphocharacins A-L (23-34) are close analogues, differing only in the acylation pattern, and, therefore their MDR tests allowed us to get interesting SAR data (see below).
Chemical structure of pepluanins E. peplus, named petty spurge, is an annual plant growing to between 5-30 cm tall, with smooth hairless stems. The leaves are oval-acute, with a smooth margin. It has green flowers in three-rayed umbels. The glands, typical of the Euphorbiaceae, are kidney-shaped with long thin horns [21] . The organic extract of E. peplus, collected in the volcanic area of Vesuvio (Campania, Italy), when subjected to successive MPLC and HPLC separations afforded compounds 35-41 ( Figure 5 ). The isolated compounds belong to two series: the first having an acetoxyl at C-14 (35, 36, 37, 40) , and the second characterized by a carbonyl at the same place (38, 39, 41) , as found for the other metabolites here described. Pepluanin A (35) , according to the NMR profiles, was a jatrophane polyol bearing five acetates (at positions 2, 5, 7, 8, 14), one benzoate (at position 3), and one nicotinate (at position 9). In particular, the small coupling values (0-2 Hz) found for the macrocyclic ring protons suggested an orthogonal relationship between them and, therefore, an exo-type conformation, as found for E. dendroides diterpenes and for the majority of the Δ 6(17) , Δ 11 -jatrophanes isolated so far from other Euphorbia species [22] .
Pepluanins B-E (36-39) are closely related to pepluanin A (35) . In particular, apart from C-14, they differ from one another by their acylation pattern. Consequently, also for these compounds, stereostructure elucidation was greatly aided by comparison of their spectroscopic data with those obtained for pepluanin A and for the other known jatrophanes. The same relative stereochemistry previously assigned to pepluanin A was also confirmed for pepluanins B-E by 2D NMR ROESY spectroscopy. The EtOAc extract of E. peplus also afforded the known compounds 40 and 41 [22] .
Chemical structure of amygdaloidins E. amygdaloides 'Purpurea,' or purple wood spurge, is the most popular of the many wood spurge cultivars. It often grows to a height of 80 cm, and has dark green leaves and a complex green-yellow inflorescence. The milky latex of the plant is toxic and can cause irritation on contact with the skin [21] . Structural assignment of amygdaloidins, accomplished by extensive 2D NMR measurements (COSY, HSQC, HMBC and ROESY), evidenced that all compounds are characterized by a jatrophane core with a carbonyl function at C-14 and an OH group at C-13. Apart from these functionalities, the compounds differed by different locations for acetate, angelate and 3-hydroperoxy-2-methylen-butyrate (named Hydrop on chemical structures) at positions 3, 5, 7, 8, 9. In addition, all amygdaloidins possessed a further hydroxyl group at C-15, except amygdaloidin F (47), which had an acetate group at this position.
The relative stereochemistry of amygdaloidins was deduced from coupling constant values and spatial proximity, evidenced through a ROESY experiment. Assuming that the relative stereochemistry at the chiral centers of amygdaloidins is that invariably Interestingly, all amygdaloidins and euphocharacins adopt a preferred endo-type conformation, which is the less common among the naturally occurring jatrophane diterpenes.
E. paralias is a hardly perennial spurge which inhabits sandy coasts. This is one of the spurges mentioned by Theophrastus in his enquiry into plants. Its name derives from the Greek "paralios" which means maritime [21] . Very recently, from the active extract of E. paralias, reported in traditional medicine to treat illness with inflammation and as a purgative [1] , we have isolated and characterized a new diterpenoid, named pre-segetanin (54), based on an unprecedented tricyclic skeleton, and two new diterpenes, named segetanin A (55) and B (56), these last two based on the rare segetane skeleton. In addition, four known segetane diterpenes (57-60) have also been found (Figure 7 ).
MS and detailed NMR analyses of pre-segetanin (54) indicated its diterpene nature polyesterified with one acetate, one angelate, and one benzoate. Data arising from a combined analysis of 2D COSY, HSQC, and HMBC spectra of 54 pointed to an unprecedented tricyclic skeleton for pre-segetanin, characterized by a central medium-sized 10-membered ring, condensed with two 5-membered rings.
Compounds 55 and 56 were based on the same segetane diterpene core and differed from each other by the nature and location of substituents. Their stereostructural elucidation has been determined by extensive spectroscopic analysis, including 1D and 2D NMR (COSY, TOCSY, HSQC, HMBC, and ROESY), and HRFABMS experiments.
The segetane diterpenoids are the main constituents of E. segetalis [30] , a species that gave its name to the entire skeletal class, and have been previously isolated only from E. portlandica [31] , and E. paralias collected in Turkey [32] , Spain [26] , and Egypt [33] . Among the isolated compounds, presegetanin (54) has an unprecedented carbon skeleton, whose isolation provided a first insight into the biosynthesis of diterpenoids with a segetane skeleton.
Fom the biogenetic point of view, compounds 54-60 seem to be closely related. In fact, as reported in Scheme 2, the unprecedented tricyclic skeleton found for pre-segetanin could be considered a possible intermediate in the biogenesis of the segetane skeleton that originates, as supposed by Jacopovic [28] , by cyclization steps of an appropriate jatrophane compound. Subsequent oxidation and esterification steps on both skeletons give rise to the isolated polyester derivatives 54-60 (Scheme 2). Jatrophane diterpenes are characterized by a cyclopentane ring condensed with a medium sized ring of twelve carbon atoms. Usually, in macrocyclic compounds the H-H couplings obtained from the 1 H NMR spectrum are insufficient to define the relative stereochemistry, owing to the need to assume specific conformations. However, despite the large size of the macrocycle, jatrophane diterpenes possess a rather peculiar coupling pattern often characterized by vicinal couplings of the macrocyclic protons of 0-2 Hz, suggesting an orthogonal relationship between them. This observation helped in the stereostructure elucidation and also suggested that the ring is not flexible and that each compound exists in a favoured conformation. In this regard it is to be noted that all the naturally occurring jatrophane derivatives with a 6,17-exocyclic double bond isolated so far possess very similar functionalities and unvarying stereochemical features.
Normally, they adopt one of the two following conformations: the endo-type conformation, with exomethylene perpendicular to the main plane of the molecule and the more common exo-type conformation, with the exomethylene in the plane. It is also reported that the conformational option depends on the esterification pattern on the jatrophane core [34] .
As reported before, the diagnostic spectral features to discriminate between the two conformations are the 3 J 4-5 value and some ROESY correlations. Thus, a large value of 3 amygdaloidin A (42) and euphodendroidin I (10), previously isolated from E. amygdaloides [17] and E. dendroides [4] , respectively ( Figure 10 ).
The molecular models of amygdaloidin A (42) and euphodendroidin I (10) were selected as examples of endo-and exo-type conformations, respectively. The two models were firstly energy minimised and then subjected to a Simulated Annealing (SA) procedure, followed by a Molecular Mechanics (MM) geometry optimization, a dielectric constant value of 4.806 being used to reproduce a chloroform environment. The resulting conformers were grouped into families and ranked by their conformational energy values.
The results obtained indicated that 98% of all amygdaloidin A conformers, obtained from the Simulated Annealing/MM procedure, were characterized by an endo-type conformation and 65% presented dihedral angles enclosed by the CH bonds C-7/C-8 and C-8/C-9 in perfect agreement with NMR data ( In the lowest energy conformers of amygdaloidin A and euphodendroidin I, the different conformational preferences at C-7, C-8 and C-9 of the two compounds can be easily discerned in Figure 10 Interestingly, all the amygdaloidins adopt a preferred endo-type conformation, which is the less common among the naturally occurring jatrophane diterpenes. At present, a complete evaluation of the structural features determining the conformational option cannot be carried out. However, some conclusions can be drawn on the basis of the information acquired by our computational studies, as well as on the basis of the conformational options of the jatrophane compounds reported in the literature. The endo-type conformation is generally adopted by compounds lacking substituents at C-7, as the euphocharacins isolated by us, while in jatrophanes preferring the exo-type conformation, an acyloxy group is linked to this position [24, 28] . In contrast with this general behaviour, amygdaloidin A-L possess an endo-type conformation associated with the presence of a substituted C-7 (with OH, 3-hydroperoxy-2methylen-butyrrate or angelate). This apparently unusual conformational option could be related to the presence of 13-OH, a structural feature peculiar to amygdaloidins; a hydrogen bond link with 15-OH (or with a 15-OAc in 47) could stabilise the observed endo-type conformation. This is in good agreement with our molecular modelling study, pointing to a preferred endo-type conformation for 42, showing appropriate geometry between 13-OH and 15-OH for their intramolecular hydrogen binding.
Chemical structures of pepluanes and paralianes
Recently, from the EtOAc extract of E. peplus, collected in the volcanic area of Vesuvio (Campania, Italy), we have isolated two compounds, pepluanone (61), reported for the first time [19] , and the known compound 62 (Figure 8 ). Both compounds are based on the rare pepluane skeleton previously found only in few other diterpenes isolated from E. peplus, the species which gave the name to the skeletal class. The same skeleton has been found also in two diterpenes isolated from the EtOAc extract of E. paralias [20] , the newly discovered pepluene (63) and the known analogue, compound 64, previously described from E. segetalis [28] . In addition from the same plant we have isolated and identified two further metabolites, based on the paraliane skeleton, paralianone (65) and the known diterpene (66) (Figure 9) ; this last has also been found previously in E. segetalis [28] . Both pepluane and paraliane diterpenes are based on a fused tetracyclic core, originating from further rearrangements of an appropriate jatrophane compound (Scheme 3) [22] .
The differences among the skeleta of the isolated compounds are related to the fourth ring that is sixmembered for pepluanes and five membered for paralianes. Thus, the isolated compounds 61-66 represent close analogues, differing, apart from the fourth ring (ring D), in the nature and location of substituents. Scheme 3: Possible biogenesis of paraliane and pepluane starting from a jatrophane precursor [22] .
The stereostructure elucidation of the isolated metabolites has been determined through extensive spectroscopic analysis, including 1D and 2D NMR (COSY, TOCSY, HSQC, HMBC, and ROESY), and HRFABMS experiments.
MDR pharmacological activity
Previous studies of a structurally heterogeneous set of jatrophane polyesters pointed to the positive effect of overall lipophilicity on Pgp binding [3] and suggested the importance of SAR studies and three-dimensional investigations. Our studies on a higher number of compounds with closely related structures has allowed us to perform a deeper investigation of SAR studies for this class of Pgp inhibitors. In particular, the efficiency of jatrophane diterpenes to inhibit Pglycoprotein-mediated daunomycin efflux was investigated by monitoring the intracellular accumulation of this drug. Regarding euphodendroidins, euphodendroidin D (4) was found to be a highly potent inhibitor since it was almost 2-fold more efficient at 5 μM (183 ± 17%) than cyclosporin A (CsA), the "golden standard" of Pgp modulators (Figure 1) . The concentration dependency of inhibition is shown in Figure 1 , in the case of euphodendroidin B (2): a maximal inhibition was observed in the 5-10 μM range, with a half-maximal effect around 1-2 μM. Structure-activity relationships within the set of compounds showed that the substitution pattern at C-2, C-3, and C-5 is important for activity.
Thus, the relevance of a free hydroxyl at C-3 is highlighted by comparison of 4 (183% ± 17%) vs 5 (88% ± 6.7), which showed a marked decrease of activity upon acylation of the 3-hydroxyl. A second important feature is the lack of oxygenation at C-2, since either hydroxylation or acyloxylation at this carbon was also detrimental for activity. Comparison of 4 with 1-3 clearly demonstrates this point. Consequently, the presence of both components, acetylation of the 3-hydroxyl and oxygenation of C-2, cause an additional decrease of efficiency, as can be observed by comparing 4 (183% ± 17%) with 6 (38% ± 4.1%) and 10 (42% ± 7.4%). Within compounds acetoxylated at C-2, acylation of the 3-hydroxyl was less detrimental with nicotinic than phenoxyacetic acid ( cf. 7 and 8) . Besides, the acyloxyl at C-5 could also modulate the inhibitory efficiency, since the nicotinyl derivative euphodendroidin C (3) was 2-fold less active (56 ± 4.8%) compared to its 2-methylbutyryl (euphodendroidin B, 2) and isobutyryl (in euphodendroidin A, 1) analogues. Finally, the presence of two aromatic rings in compounds 3 and 10 makes them inactive as Pgp modulators, independently of the aromatic ring position. Within the set of compounds investigated, the powerful Pgp inhibiting activity of euphodendroidin D (4) qualifies this compound as a very promising lead for chemosensitization and validates the biological potential of jatrophane polyesters.
Regarding terracinolides and abeojatrophanes as P-glycoprotein-mediated daunomycin efflux inhibitors, terracinolide H was found to be a highly potent inhibitor, even more efficient (138 ± 27%) than cyclosporine A (Cs A). Structure-activity relationships among the eleven studied compounds showed the effects of substitutions at positions 3, 6 and 15 (Figures 2 and 3) . First, an hydroxyl group at either position 3 or 15 (both β configuration) appeared to be of major importance since its substitution by an acetyl completely abolished the inhibitory effect in compound 17 vs 16 and dramatically reduced the inhibitory effect in compound 11 vs 12. On the other hand, an hydroxyl group under the α configuration dramatically decreased the activity, both at position 2 and 13 (see compound 12, 13 and 19) . The presence of two free hydroxyl groups, at position 13 under α configuration and 15 under β configuration, makes compound 20 more active than compound 19 (C-15 acetylated derivate). Substitution at position 6 gave variable effects depending on the position of the free hydroxyl group on ring A: isobutyl in 17 was better than acetyl in 15 when the hydroxyl group is linked at C-3 (138 ± 27% vs 52 ± 11%), whereas acetyl in 12 was better than isobutyl in 13 with the hydroxyl group at position 2 (58 ± 6% vs no inhibition). Finally, in the abeojatrophane series, when an hydroxyl group was already present at position 2, the addition of a second one at position 14 was better under the α (22) than the β (21) configuration (53 ±11% inhibition vs 36 ± 6%).
The biological activity of euphocharacins towards Pglycoprotein-mediated daunomycin efflux from cancer cells clearly indicated that both euphocharacins C and I were stronger inhibitors (123%) than conventional cyclosporin A, taken as the reference (Figure 4 ). Among compounds without an hydroxyl group at C-2, the results show the importance of a propionyl group at C-3 (euphocharacin I, 123%), which is much more efficient than benzoyl (euphocharacin F, 86% ± 2%) and either isobutyryl (euphocharacin H, 62% ± 4%) or acetyl (euphocharacin J, 62% ± 2%). Thus, the following sequence in efficiency at C-3 may now be proposed: propionyl>benzoyl>acetoyl or isobutyryl. Instead among this series of compounds bearing an hydroxyl at position 2, the substitution of benzoyl (euphocharacin A, 59% ± 1%) with a 2-methylbutyryl (euphocharacin D, 52% ± 3%) does not affect the activity. Another positive role is played by benzoyl at C-9 (euphocharacin C, 123% ± 2%), which is better than nicotinyl in euphocharacin B (72% ± 1%). Furthermore, substitution at C-5 seemed not to be critical since limited and variable effects [euphocharacin L (79% ± 4%) towards A (59% ± 1%), or K (47% ± 5%) towards H (62% ± 4%) were produced by hydroxyl or acetyl. In contrast, a negative effect of hydroxyl by comparison with the absence of any substituent at C-2 is observed for both euphocharacin B (72% ± 1%) towards E (105% ± 3%) and euphocharacin A (59% ± 1%) towards F (86% ± 2%); this confirms the observation in euphodendroidins where both acetyl and hydroxyl were detrimental to inhibition. Finally, as we have observed before in the series of terracinolides, pharmacological tests on euphocharacins have shown the importance of an hydroxyl group at C-15 since its substitution by an acetyl reduces the inhibitory effect in euphocharacin A (59% ± 1%) vs B (72% ± 1%) and F (86% ± 2%) vs E (105% ± 3%).
The results of the Pgp-binding properties of jatrophane diterpenes extracted from E. peplus were used to extend the structure-activity relationships to the other oxygenated carbon atoms of the mediumsized ring (C-7/C-15). In particular, one of the isolated metabolites, pepluanin A (35) , showed an especially potent activity detected until now for a jatrophane diterpene, outperforming cyclosporine A by a factor of at least 2 in the inhibition of Pgpmediated daunomycin transport. The obtained percentages of inhibition for this series of compounds at 5 μM are reported in Figure 5 , related to cyclosporin A (100%). Our previous studies on a first series of jatrophane diterpenes, euphodendroidins A-I, isolated from E. dendroides, [4] evidenced for the first time the involvement of ring A in Pgp binding. The present set of compounds, isolated form E. peplus, has allowed us to go beyond these data underlining the importance of the substitution on other carbons of the medium-sized ring in modulating the activity. Pepluanin A (35) was found here to be an even more powerful inhibitor, with an efficiency at least 2-fold higher (207 ± 17%, Figure 5 ) than the conventional modulator cyclosporin A. This appears quite interesting also in the light of some structureactivity considerations that can be drawn. First of all, comparison of the activity of 35 and 36, the main structural differences of which are confined to C-8 substitution, evidenced a collapse of the inhibitory potency (207 ±17% in 35 vs 60 ± 4% in 36). This clearly indicates that the substitution pattern at the carbons of the medium-sized ring is of great importance for the activity.
Another point to clarify is that pepluanin A, unlike the majority of the other tested jatrophanes, euphodendroidins, euphocharacins, terracinolides and compounds 38, 39, 41, has an acetoxyl function at C-14 instead of a carbonyl. It is rather difficult at this point to draw a definitive conclusion on this structural detail. Anyway, by comparing the activity Barile et al. of 39 (94 ± 5%) with that of 36 (60 ± 4%), essentially differing by this structural detail, we could hypothesize that the observed inhibitory potency of 35 might be further increased by a carbonyl at position 14. In addition, comparison of euphodendroidin A (1) and pepluanin C (37), differing for C-3 and C-14, shows a significant difference in pharmacological activity: 97% for euphodendroidin A with a carbonyl at position 14 and an hydroxyl group at C-3, 54% for pepluanin C bearing an acetoxyl function at C-14 and with C-3 acetylated. Similarly, a positive effect might be expected by substituting nicotinyl by acetoxyl at C-9, since 40 (80 ± 6%) is more efficient than 36 (60 ± 4%). As found in the most powerful compounds tested (see euphodendroidin, terracinolide and euphocharacin jatrophanes), an additional key point is the presence of a free hydroxyl group at C-15. In fact, compounds 38 (76 ± 7%) and 41 (47 ± 7%), presenting an ester function at this position, exhibited the lowest efficiency.
In conclusion, the last series of seven jatrophane diterpenes has allowed us to extend their structureactivity relationships, highlighting the importance of an acetoxyl at C-8, in comparison to a free hydroxyl, and of a free hydroxyl at C-15. Moreover, a carbonyl at C-14 and acetoxyl at C-9 are also favourable substitutions. Within the set of diterpenes tested until now, pepluanin A appears as a powerful Pgp inhibitor,and very promising to improve drug therapy in multidrug-resistant cancer.
Anti-inflammatory activity
It is well known that the pathogenesis of the inflammatory response involves the sequential activation of signalling molecules, among which prostaglandins (PGs) and nitric oxide (NO) are wellknown pro-inflammatory key mediators, generated by the inducible isoforms of cyclooxygenase (COX-2) and NO synthase (iNOS) [35] [36] [37] [38] . Furthermore, tumor necrosis factor (TNF-α) is a potent proinflammatory cytokine that plays an important role in immunity and inflammation [39] . The inhibitory effect on the expression of several genes involved in the inflammatory response, including iNOS, COX-2 and TNF-α has been correlated to the inhibition of 'nuclear factor-κB' (NF-κB) activation [40] . NF-κB is activated in response to various stimuli, including bacterial lipopolysaccharide (LPS), cytokines, and viral proteins [41] . Activated NF-κB results in the phosphorylation, ubiquitination and proteasome-mediated degradation of IκB proteins, followed by the translocation of NF-κB to the nucleus, and induction of gene transcription through the binding to the cis-acting κB element [40] . Thus, because of the important role of the transcription factor NF-kB, especially in the onset of inflammation, it is intuitive that NF-kB has become a candidate target for new anti-inflammatory treatments.
Pepluanone (61), the major metabolite of the diterpene fraction of E. peplus, was shown to possess anti-inflammatory activity in vivo since it was able to inhibit carrageenan-induced rat paw oedema, an experimental model of acute inflammation ( Figure  11a ) [19] . This inhibitory effect was dose-related and similar to that of dexamethasone, which was used as the reference drug. Moreover, the doses of pepluanone (0.13 and 1.3 mg/kg), which significantly reduced oedema formation in normal rats, exhibited an identical inhibitory effect in adrenolectomized rats, showing that the anti-inflammatory activity of pepluanone was not dependent on the stimulation of endogenous corticoid production ( Figure 11c ). Comparison of the bioactivity of pepluanone and compound 62 (Figure 11a ,b) in terms of chemical structure, evidenced the high efficiency of pepluanone and the absence of appreciable activity for compound 62, thus giving a first insight into the structure-activity relationship. In fact, the only structural difference between the two compounds is confined to the functionality at C-9 (Figure 8 ), a ketone in pepluanone and an acetoxyl in compound 62, thus highlighting the importance of a carbonyl function at C-9 for anti-inflammatory activity.
On the contrary, when tested for MDR activity, the two compounds showed a reversed behaviour pepluane being more active that pepluanone. Furthermore, in order to investigate the mechanism of the anti-inflammatory activity of pepluanone, the effects of this compound on LPS-stimulated J774 murine macrophages have been examined. In vitro results showed that pepluanone reduced the production of NO, PGE 2 and TNF-α by reducing the expression of iNOS, COX-2 and TNF-α mRNA, respectively, through the down-regulation of NF-κB binding activity.
The close structural analogy of the compounds 63-66, isolated from E. paralias, with pepluanone (61), all characterized by a fused tetracyclic core, have prompted us to test them by evaluating their antiinflammatory properties. To investigate the potential anti-inflammatory activity of the isolated compounds, we evaluated their ability to inhibit NO production in LPS-stimulated J774 murine macrophages since the excessive production of NO by iNOS has been implicated in the pathogenesis of the inflammatory response [30, 33, 42] . When the cells were stimulated with LPS in the presence of pepluanone (61), pepluene (63), compound 64 and compound 66 (0.1-10 μM) a remarkable and concentration-related inhibition of NO 2 generation was observed ( Figure 12 ). In contrast, paralianone (65) inhibited NO 2 production only at the highest dose used. Among the tested metabolites, compound 66 showed the highest anti-inflammatory activity, comparable to that of pepluanone (61) [19] .
By comparing the different anti-inflammatory activities found for the tested compounds in terms of chemical structure, interesting structure-activity relationships have been deduced. First of all, comparison of the activity of paralianes (65, 66) and pepluanes (63, 64) showed the positive effect of a cyclopentanone D ring confirming the key role of a carbonyl on the D ring found for pepluanone [19] . Moreover, comparison of the activity of paralianone (65) and compound 66, the only structural difference being confined to an additional hydroxyl group at C-11 in the former, evidenced a collapse of the anti-inflammatory activity in paralianone, which indicated a clear detrimental effect of an hydroxyl group at this position. A negative effect has also been found for an hydroxyl group at C-5 instead of an acetyl (compounds 63 and 64, respectively) thus indicating that substitution at this position could also modulate the activity. On the contrary, it seems that the presence of an acetoxyl function on the D ring, as found in pepluanone, does not reduce the activity. The isolation of several structurally related analogues has allowed us to demonstrate the crucial role of a carbonyl on the D-ring and the negative effects when the D-ring is either hydroxylated or aromatic, suggesting the possible involvement of the D-ring structure in the inhibition of NF-κB activation. The powerful inhibition in the iNOS activation of pepluanone (61) and compound 66 qualifies these compounds as promising leads for the control of inflammatory and immune reactions opening new perspectives in the design and development of a new non-steroidal approach for anti-inflammatory drugs.
Conclusion
The analysis of euphodendroidin's activities has evidenced the involvement of ring A in Pgp binding, highlighting the relevance of a free hydroxyl group at position 3, together with the negative effect of this group at position 2 ( Figure 13 ). In addition, substitution at the proximal C-5 with a large group also decreased the activity. The biological evaluation of modified jatrophanes, such as the isolated terracinolides and abeojatrophanes, have shown the effect of substitution at positions 3, 6 and 15, and the importance of the relative configuration of the free hydroxyl group, quite apart from its position. In addition, substitution at position 6 affects the inhibitory ability in a way that dramatically depends on the location of the free hydroxyl group. Euphocharacin compounds gave further information on the structure-activity relationships, highlighting the positive roles of benzoyl and propyl at C-9 and C-3, respectively, and confirming the negative role of hydroxyl at C-2 and the positive effect of the same group at C-15. The results of biological assays on pepluanins have been used to extend the structureactivity relationships to the other oxygenated carbon atoms of the medium-sized ring (C-7/C-15). Within the set of compounds investigated, pepluanin A with acetoyl at C-8 and nicotinyl at C-9 has been reported as the most powerful inhibitor, outperforming cyclosporin A by a factor of at least two in the inhibition of Pgp-mediated daunomycin transport.
Taken together, these observations suggest that jatrophanes and modified jatrophanes share a common gross pharmacophore, which is dramatically affected by changes in the oxygenation pattern, but surprisingly tolerant in terms of modifications of connectivity.
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Concerning pepluane and paraliane diterpenes, the powerful inhibition in the iNOS activation of pepluanone (61) and compound 66 qualifies these compounds as promising leads for the control of inflammatory and immune reactions opening new perspectives in the design and development of a new non-steroidal approach to anti-inflammatory drugs.
In addition, the isolation of several structurally related analogues has allowed us to demonstrate the crucial role of a carbonyl on the D-ring and the negative effects when the D-ring is either hydroxylated or aromatic ( Figure 14) . Thus, owing to the bulk availability of Euphorbiae plants and the relatively easy isolation of the major constituents of the diterpenoid fraction, these plants can be qualified as an interesting source of bioactive chemotypes for detailed structure-activity studies on emerging new classes of lead compounds.
